ABSTRACT
assess the cortical gray matter changes in patients with PD. Some cross-sectional studies were performed to compare the differences between patients with PD and healthy controls. However, these PD-VBM studies have not yet drawn any congruent conclusions. Some studies have shown distributed brain atrophy in cortical and subcortical regions, including the frontal lobe, temporal lobe, parietal lobe, occipital lobe, and the limbic/paralimbic areas. [1] [2] [3] [4] [5] [6] [7] [8] On the other hand, 1 study reported an increase of GM in the thalamus in patients with PD with unilateral resting tremor compared with controls. 9 A recent study has observed not only brain volume loss in the occipital region but also volume increase in the limbic/paralimbic system. 10 In addition, some studies have failed to find any GM change. [11] [12] [13] [14] In fact, few of these previous findings were wholly consistent with each other. These inconsistencies may result from the patient heterogeneity, such as the age, disease duration, disease severity, and variable covariates used in VBM analysis, which may confound the effect of results in between-group differences. Therefore, this issue of brain volume change in PD groups required further examination. To our knowledge, few studies have focused on the progression of regional volume changes in PD by using VBM. One longitudinal study showed a progressive gray matter volume (GMV) decrease in patients with PD with and without dementia with disease progression during a mean follow-up period of 25 months. 15 In that study, a progressive GMV decrease in the limbic/paralimbic and temporo-occipital regions was observed in patients with PD, while in patients with dementia, the loss mainly involved the neocortical regions. However, in that study, no healthy matched controls were included. So far, the progressive GMV change across time specific to patients with PD compared with controls remains unclear. Thus, the main goals of the present study were to examine the GMV change in the PD group compared with healthy controls and to explore the progressive GMV change specific to patients with PD compared with controls with disease progression.
MATERIALS AND METHODS

Data Acquisition Centers
In the present study, the data were selected from the following 7 MR imaging centers: Emory University, Atlanta, Georgia; Johns Hopkins University, Baltimore, Maryland; Northwestern University, Chicago, Illinois; Baylor College of Medicine, Houston, Texas; Universitat Tubingen, DZNE und Hertie-Institut fur Klinische Hirnforschung, Tubingen, Germany; Paracelsus-Elena Clinic Kassel/University of Marburg, Kassel, Germany; and Cleveland Clinic Foundation, Cleveland, Ohio.
Subjects
criteria of patients with PD for multiple centers were the following: 1) at least 2 of the following: resting tremor, bradykinesia, and rigidity (must have either resting tremor or bradykinesia) or either asymmetric resting tremor or asymmetric bradykinesia; 2) Hoehn and Yahr stage 1 or 2 at baseline; 3) dopamine transporter SPECT scan showing a dopamine transporter deficit; 4) not expected to require PD medication within at least 6 months from baseline; and 5) 30 years of age or older. Exclusion criteria for patients with PD were the following: 1) currently taking levodopa, dopamine agonists, monoamine oxidase inhibitors-B, amantadine, or other PD medications or taking them within 60 days of baseline; and 2) use of investigational drugs or devices within 60 days before baseline.
Inclusion criterion for healthy controls was 30 years of age or older. Exclusions were the following: 1) current or active clinically significant neurologic disorder; 2) first-degree relative with idiopathic PD; 3) Montreal Cognitive Assessment (MoCA) score of Յ26; and 4) use of investigational drugs or devices within 60 days before baseline.
In the present study, all subjects were selected on the basis of the following criteria: 1) Participants did not have depression, with a Geriatric Depression Scale score of Ͻ5, 17 or dementia, which was determined by the following: A) cognitive function that is impaired in Ͼ1 cognitive domain, B) decline from premorbid function, and C) significant impact of cognitive impairment on daily function; 16 2) Subjects were studied 2 times (ie, baseline and 1-year follow-up) by September 12, 2013 , and with the same scanning parameters; and 3) all MR imaging data were obtained on a Tim Trio 3T scanner (Siemens, Erlangen, Germany). There were 89 patients with PD (62 men, 62.0 Ϯ 8.7 years of age) and 55 healthy controls (33 men, 58.4 Ϯ 11.1 years of age). Table 1 shows the demographic and clinical data of the subjects.
Clinical Assessment
For patients with PD, the disease stage was scored by using the Hoehn and Yahr stage score, and the disease severity, by using the Movement Disorder Society-Unified Parkinson's Disease Rating Scale III (MDS-UPDRS III). In addition, all subjects were administered the University of Pennsylvania Smell Identification Test for assessment of olfactory function and Scales for Outcomes in Parkinson's Disease-Autonomic for assessment of autonomic disorder. To evaluate the neuropsychological state, we administered the following to all the subjects: the Benton Judgment of Line Orientation Score, the Geriatric Depression Scale, the MoCA, the Semantic Fluency total score, the Hopkins Verbal Learning Test, the Modified Schwab and England Activities of Daily Living, and the Symbol Digit Modalities score.
MR Imaging Data Acquisition
MR imaging data acquisition was performed on a Tim Trio 3T scanner (Siemens). High-resolution structural images were collected by using a 3D magnetization-prepared rapid acquisition of gradient echo T1-weighted sequence with the following parameters: sagittal section thickness, 1.0 mm; no gap; TR, 2300 ms; TE, 2.98 ms; flip angle, 9°; FOV, 240 ϫ 256 mm; matrix size, 240 ϫ 256; TI, 900 ms; voxel size, 1 ϫ 1 ϫ1 mm 3 . The image plane aligned in the sagittal plane along the hemispheric fissure and axially along the anterior/posterior commissure plane. The 176 sections covered the entire brain from ear to ear and the bottom of the cerebellum to the vertex.
VBM-Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra Analysis
Voxel-based morphometry was performed by using SPM8 (http://www.fil.ion.ucl.ac.uk/spm/software/spm8) and the Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra Toolbox (DARTEL, part of SPM) registration method. 18 The VBM preprocessing included 5 steps: 1) T1-weighted images were segmented by using the standard unified segmentation model in SPM8 to produce gray matter, white matter, and CSF probability maps in the Montreal Neurological Institute (MNI) space; 2) the study-specific GM templates were created from the entire image dataset by using the DARTEL technique; 3) an initial affine registration of the GM templates to the tissue probability maps in MNI space was performed; 4) nonlinear warping of GM images to the GM template in MNI space was performed and then was used in the modulation step to ensure that the relative volumes of GM were preserved following the spatial normalization procedure by the Jacobian determinant of the deformation field to adjust volume changes; 19 and 5) The modulated, normalized GM images (representing GMV; voxel size, 1.5 ϫ 1.5 ϫ 1.5 mm 3 ) were smoothed with a 6-mm full width at half maximum isotropic Gaussian kernel. The total intracranial volume was represented by the sum of the GM, WM, and CSF volumes. In addition, in the VBM-DARTEL analysis, checking of sample homogeneity was performed in SPM8 on the normalized data for quality control.
Statistical Analysis
Demographic data and neuropsychological measures at baseline were analyzed by SPSS, Version 19 (IBM, Armonk, New York), with the Student t test for continuous variables and the 2 test for dichotomous variables. The present study was organized into 2 [(time: 12-month follow-up versus baseline) ϫ 2 (group: PD versus control)] flexible factorial designs. We thus had 4 conditions: PD baseline (PD1), PD follow-up (PD2), control baseline (Control1), and control follow-up (Control2). Age, sex, years of education, imaging data from multiple centers, and total intracranial volume were entered as regressors into the flexible factorial design to establish the regional GM volume changes.
The main effect of "group" was revealed by the following 2 contrasts: The decreased GM volumes for patients with PD were determined by the contrast of [(Control1 ϩ Control2) Ͼ (PD1 ϩ PD2)], and the increased GM volumes for patients with PD were determined by the contrast of
The main effect of "time" was revealed by the following 2 contrasts: The decreased GM volumes for follow-up were determined by the contrast of [(PD1 ϩ Control1) Ͼ (PD2 ϩ Control2)], and the increased GM volumes for follow-up were determined by the contrast of [(PD2 ϩ Control2) Ͼ (PD1 ϩ Control1)]. In addition, 2 simple main effects of (PD1 Ͼ PD2) and (Control1 Ͼ Control2) were performed.
The interaction effect of "group" by "time" was revealed by the following 2 contrasts: The increased GM volumes specific to patients with PD with time was determined by the contrast of [(PD2 Ͼ PD1) Ͼ (Control2 Ͼ Control1)], and the decreased GM volumes specific to patients with PD with time were determined by the contrast of
The statistical significance threshold was set at P Ͻ .001 cor- b P values were derived from the Student t-test comparing the 2 groups except for "Sex," which was derived using the 2 test. c MDS-UPDRS III was performed in the off-state at follow-up. d There were 83.15 % of patients with PD who were on dopaminergic therapy at 1-year follow-up. e Significant score decrease in the follow-up both for patients with PD and healthy controls compared with baseline (P Ͻ .05).
rected for multiple comparisons (family-wise error) with a minimum cluster size of 100 contiguous voxels, but with an exception of 50 contiguous voxels for the interaction effect. The coordinates of voxels were transferred from Montreal Neurological Institute space to Talairach space by using M. Brett's transformation (http://imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach).
ROI Analysis
To examine the GMV change with time in the present study, we defined the ROIs by using 2 methods. On the one hand, those ROIs based on the results in the present study were defined by cluster-based method-that is, clusters that showed significant differences in the contrasts of [(PD1 ϩ Control1) Ͼ (PD2 ϩ Control2)] (bilateral caudate body; MNI coordinates: Ϫ8, 3, 18; 9, 5, 18) and [(PD2 Ͼ PD1) Ͼ (Control2 Ͼ Control1)] (left thalamus; MNI coordinates: Ϫ21, Ϫ24, 3) were defined as ROIs by using xjView software (http://www.alivelearn.net/xjview). On the other hand, to compare with the previous longitudinal study, 15 we defined additional ROIs on the basis of a sphere with a radius of 6 mm centered at the anterior cingulate cortex (MNI coordinates: 1, 31 19), posterior cingulate cortex (MNI coordinates: 11, Ϫ49, 30), hippocampus (MNI coordinates: Ϫ22, Ϫ19, Ϫ11), and hypothalamus (MNI coordinates: 1, Ϫ9, Ϫ5) by using WFU_PickAtlas software (http:// software.incf.org/software/wfu_pickatlas/ download). For each subject at a single time point (baseline and follow-up), the GMV in each ROI was computed by the sum of the volume of each voxel in the ROI. To illustrate the mean change in volume, we computed annualized percentage change by subtracting the baseline volume from the follow-up value, dividing by the baseline volume and multiplying by 100.
Correlation Analysis
The Pearson correlation was performed to evaluate the relationship between the GMV in ROIs and clinical assessments in 
RESULTS
Demographic Characteristics
No significant differences in sex, education level, and total intracranial volume were found between the patients with PD and controls. The MDS-UPDRS III of PD was significantly higher than that of controls (P Ͻ .001). Neuropsychological tests showed that behavioral deficits in the Geriatric Depression Scale (P Ͻ .05) and cognitive deficits in the MoCA (P Ͻ .05), semantic fluency total score (P Ͻ .05), Hopkins Verbal Learning Test Immediate Recall (P Ͻ .05) and delayed recall (P Ͻ .05), Symbol Digit Modalities score (P Ͻ .001), Smell Identification Test (P Ͻ .001), and Scales for Outcomes in Parkinson's Disease-Autonomic (P Ͻ .001) were more severe in the patients with PD than in the control group. In addition, a cognitive decline in the MoCA scores was found both for patients with PD (P Ͻ .05) and controls (P Ͻ .05) at follow-up compared with baseline. No significant differences in other cognitive subdomains (Benton Judgment of Line Orientation Score, Hopkins Verbal Learning Test Delayed Recognition False Alarms) were found between the 2 groups (Table 1) .
VBM Results
The main effect of "group" revealed cortical and subcortical GM volume changes for patients with PD in contrast to controls. The (Table 2 and Fig 1) . The main effect of "time" revealed decreased GM volume in the bilateral caudate body for follow-up in contrast to baseline (Table 3 and Fig 2) . In addition, the 2 simple main effects of time for patients with PD and controls also revealed decreased GM volume change in the bilateral caudate body with time (Table  3) . Reduction in the caudate between baseline and 1-year follow-up was 1.96% for healthy controls and 1.1% for patients with PD. To compare with a previous study that observed volume reduction in the limbic/paralimbic regions for patients with PD with disease progression, we extracted the volumes in these regions. The results of paired t tests showed that the decreased volumes in these regions did not reach significant differences.
In addition, we identified progressive GMV increase specific to patients with PD in the left thalamus with 160 voxels (P Ͻ .05 family-wise error corrected) (MNI coordinates: Ϫ21, Ϫ24, 3) close to the ventral lateral nucleus by an interaction effect of "group" by "time" [(PD2 Ͼ PD1) Ͼ (Control2 Ͼ Control1)] (Fig 3) .
Correlation Results
There were significant positive correlations between the caudate volume and the MoCA score for patients with PD and controls (r ϭ 0.32, P ϭ .0039, and r ϭ 0.38, P ϭ .0047, respectively; On-line Fig 1) . There was no significant relationship between enlarged thalamic volume and MDS-UPDRS III scores. Twenty-three tremor-dominant patients with PD presented initially with tremor with relatively mild bradykinesia and rigidity, and the tremor scores were calculated on the basis of the summation of the rest tremor amplitude of the upper and lower limbs. However, the post hoc 2-tailed 2-sample t test analysis showed that a positive relationship was found between the thalamic volume and the rest tremor score of 23 tremor-dominant patients with PD with scores ranging between 2 and 3 (On-line Fig 2) . To clarify the contributions of these measurements with significant differences between groups to the enlarged thalamic volume, we performed additional correlations, controlling these measurements as covariates of no interest. There was no significant correlation.
DISCUSSION
The aim of the present study was to investigate the GMV change in patients with PD and to explore the progressive GMV change specific to patients with PD with disease progression compared with controls. Reduced GMV was identified in the bilateral caudate for both patients with PD and healthy controls with time. It was revealed that patients with PD exhibited increased GMV in 
No significant activation a P Ͻ .05 family-wise error correction; cluster size Ͼ100. the orbitofrontal gyrus, occipital cortex, limbic/paralimbic areas, and globus pallidus internus/putamen, whereas they had reduced GMV in the frontotemporoparietal network and the bilateral caudate, compared with controls. In addition, the progressive GMV change specific to patients with PD was found in the left thalamus.
Group Differences: GMV Changes for Patients with PD Compared with Controls
Previous studies have reported GMV loss in patients with PD with dementia (for a review, see Pan et al 20 ) . The present study extended the knowledge by showing that GMV loss can be found even in patients with early-stage PD. These regions included the frontal, temporal, and parietal regions and the subcortical area in the caudate bilaterally. The findings suggest that the observed GMV decreases may represent an early manifestation of underlying Parkinson disease-related pathologic changes. 6, 7 However, the neuropathologic correlates of an increase in GMV are less clear. Consistent with previous studies, the present study observed the increased GMV in the limbic/paralimbic system and globus pallidus internus/putamen in patients with PD compared with controls. 10, 21, 22 Although the present study provides no evidence regarding the mechanisms leading to increased brain volume in PD, as a chronically progressive neurodegenerative disorder, the effect may be due to a compensatory response to impaired cerebral function in early PD. 10, [21] [22] [23] [24] In the present study, the findings of GMV changes (decrease and increase) in patients with PD were not wholly consistent with findings in any of the previous studies. The patient's heterogeneity (eg, age, sex, education, disease severity) may contribute to the inconsistencies in the pattern of findings among the studies. Further studies are required with a large sample size, controlling for the potential confounding effect.
Longitudinal Evaluation: Progressive Caudate Volume Loss in Patients with PD and Controls
In the present study, a significantly progressive decrease in the volume of the bilateral caudate was observed both in the patients with PD and controls. The reduction in the caudate was observed in several cross-sectional studies as part of the normal aging process. [25] [26] [27] In the present study, the reduction of caudate volume was 1.96%/year for healthy controls and 1.1%/year for patients with PD. The reduction rates in the present study are similar to the ones reported in a 6-month longitudinal study, 28 but greater than the ones reported in a 5-year longitudinal study. 29 This heterogeneity may partially reflect differences among these populations. Additionally, follow-up intervals may contribute to differences in the reduction rate. In the present study, a reduction in the caudate was observed in patients with PD compared with controls both at baseline and follow-up, and this reduction remained in the comparison of baseline and control follow-up of patients with PD. Furthermore, a significant positive correlation was found between the MoCA score and the caudate volume for both patients with PD and healthy controls. The caudate is linked with the dorsolateral prefrontal cortex and lateral orbitofrontal cortex, and the dysfunction in this region is thought to contribute to the cog-
Barplot depicting the mean (and standard error) of the volume in the bilateral caudate between the 2 groups across time (adjusted for age, sex, years of education, imaging data from multiple centers, and total intracranial volume). The asterisk indicates significant differences at P Ͻ .001.
FIG 3.
Barplot depicting the mean (and standard error) of the volume in the left thalamus specific to patients with PD across time (adjusted for age, sex, years of education, imaging data from multiple centers, and total intracranial volume). The asterisk indicates significant differences at P Ͻ .001.
nitive impairment in PD. [30] [31] [32] [33] The results suggest that the loss in caudate volume contributed to the cognitive decline for both groups with time, while the striatal dopaminergic deficiency in patients with PD may worsen the caudate volume loss compared with healthy controls. A previous longitudinal study observed limbic/paralimbic loss including the hippocampus, hypothalamus, posterior cingulate cortex, and anterior cingulate cortex for patients with PD with disease progression with time. 15 In contrast, we extracted the GMV in these regions, and the results showed that the decreased volumes did not reach a significant difference. The heterogeneity, methodologic differences, and sample size of patients between the 2 studies may have led to the discrepancies. In particular, the patients with PD in the present study had a shorter follow-up period (mean, 12 months) at an earlier disease stage (mean Hoehn and Yahr stage, 1.6 Ϯ 0.5) than the patients in that study (mean follow-up period, 25 months; mean Hoehn and Yahr stage, 2.9 Ϯ 0.8) and a larger sample size (89 patients with PD) than in that study (13 patients with PD without dementia). In addition, no covariate was included in that study, though age, sex, years of education, and total intracranial volume may confound the results.
Longitudinal Evaluation of Patients with PD versus Controls: Progressive Thalamic Volume Increase Specific to the Patients with PD
In the present study, the progressive thalamic volume increase was observed specific to patients with PD compared with controls. On the contrary, the thalamic volume tended to decrease with time in controls. The thalamus occupies a pivotal position within the striatothalamocortical circuits, 30, 34, 35 in which the thalamus receives input from the basal ganglia. 36 In the present study, the enlarged thalamus close to the ventral lateral nucleus may relate to motor control. 31, 36 Consistent with previous studies, the positive correlation between the thalamic volume and the tremor score further suggests that the enlarged thalamic volume (mainly in the ventral lateral) may relate to tremor severity in PD.
9,37
CONCLUSIONS
The present study investigated the progressive GMV change across time in patients with PD compared with controls. The observed progressive changes in gray matter volume in PD may provide new insights into the neurodegenerative process. The findings suggest that the caudate volume loss may contribute to cognitive decline in patients with PD and the progressive thalamic volume increase may relate to tremor severity in PD. However, the present study has the following 3 limitations: First, considering the highly nonlinear effect in age range, 38 further study should be limited to a restricted sample with less age heterogeneity. Second, the brain volume change in the present study was seen only at 1-year follow-up, and further study should include multiple follow-up time windows to explore the dynamic changes of GM volume. Finally, to clarify whether the presence of tremor was actually driving the larger thalamic volumes, the study should compare thalamic volumes of tremor-and non-tremor-dominant patients with PD.
